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j.2012.09Abstract Prediction of unknown deep foundation embedment depth is a great deal nowadays,
especially in case of upgrading or rehabilitation of old structures. Many old bridges and marine
or pier structures in the United States are established using deep foundations system of timber piles
and their foundation records do not exist. Non-Destructive Testing (NDT) or Non-Destructive
Evaluation (NDE) method for a great variety of materials and structures has become an integral
part of many tests. However, the process of testing long piles, deeply embedded in the ground, is
more complex than (NDT) of the other structural materials. This paper summarizes some of the
most common non-destructive test methods for deep foundations and presents a new method called
the Hilbert Huang Transform (HHT). This Hilbert Huang Transform (HHT) method is used now
by a wide range in a different health monitoring of many systems. In this paper, some ﬁeld tests on
the timber Piles of one bridge at North Carolina was performed to verify the using the (HHT)
method for predicting the embedded depth of the unknown piles. Percentage of the accuracy
achieved using HHT method for pile length compared to the actual pile length data was performed.
Finally, a recommendation is presented for the limitation of using this new method as a new non-
destructive method for deep foundations.
ª 2012 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
All rights reserved.Introduction
Timber piles are still used widely as the primary means of sup-
port for many structures. More than 6500 bridges in North
Carolina State are supported at least in one part by the timberusing and Building National
g by Elsevier
g National Research Center. Produ
.008piles. Thus more than one million of those piles are founded all
over the United State for bridge foundations. This huge num-
ber of piles does not include the other piles for other structures
such as: marine fender systems, pier structures, ﬁshing piers,
and mountain chalets or beach cottage. With so many timber
piles used across all the United States, it is important to inspect
them to get their overall and embedded length. Determining
their embedded lengths represents a major problem. Years of
scour have taken place after most of the timber piles in use to-
day were installed and their embedment is no longer the same.
The fear is that if a pile’s overall length is not known because
pile records are incomplete or nonexistent, then the effect of
scour on its embedment cannot be determined. There needsction and hosting by Elsevier B.V. All rights reserved.
124 A.T.M. Faridto be a way determining the in-place length of timber piles
nondestructively while the structure to which they belong re-
mains in service. Then, with such measurements, a pile’s
embedment and load bearing capacity can be evaluated. This
paper mentions to the available methods for using Non-
Destructive Tests (NDTs) and their advantage or disadvan-
tage. Then, the present research study describes a new
nondestructive testing method which employs dispersive stress
wave propagation and special signal processing techniques to
ﬁnd the embedment length of installed timber piles. This new
method is the Hilbert Huang Transform (HHT) method. This
method was studied and developed using ﬁeld tests of the non-
destructive pile testing performed for timber piles of one of the
bridges in North Carolina State. Four piles of Bridge No. 129
at Johnston County were chosen as a case study for applying
the method of Hilbert Huang Transform (HHT). Those four
piles were chosen due to their known of the total overall pile
length which will helping to verify the used technique. Finally,
the computed pile lengths are compared with the actual data
recorded for those piles to judgments of the using of the
Hilbert Huang Transform for pile length detections.
Different methods of Non-Destructive Tests (NDTs)
Non-Destructive Evaluation (NDE) or Non-Destructive
Testing (NDT) has been used for a number of years to study
the problems associated with drilled shaft piles. NDT methods
can be classiﬁed into two main categories, [1,2,6]. One method
requires access for equipment with the pile such as Gamma–
Gamma Logging (GGL) and Cross-hole Sonic Logging
(CSL). In this method, props require to be inserted within
the pile. The second category method is the Sonic-Echo Test-
ing (SET) or the Impulse Response Testing (IRT). In this sec-
ond method, there is no need to use tubes within the pile itself.
Nowadays, the integrity testing is a relevant method which is
used extensively to check the pile lengths, continuity, and
integrity. In the following text, TAM and BMW methods are
mentioned as a utilized integrity test methods with their
features.
Analysis of TAM and BMW methods
The TAM and BMW methods, [4–6] are the last methods
which can be done in case of the existing structures above
the investigated buried piles. In these methods, an impulse is
to import close the pile and measure the response by a strain
gauge attached slightly below the location of the pulse. The
strain gauges records the wave propagation along the pile.
The method used to calculate the length of the pile is based
on the premise that the record would show three pulses: the
ﬁrst pulse is that which is propagated from the location of
the impact to the gauge; the second pulse is that which is
reﬂected from the top (pile head); the third is that which is
reﬂected from the toe of the pile. Based on the known distance
between the gauges and the tip of the pile and the time instants
between the impact and the arrival of the second pulse, one can
calculate the speed of propagation of the wave. Knowledge of
the speed of travel of the pulse and the time elapsed between
the arrival of the second and the third pulses at the gauge
enables one to calculate the length of the pile. Since the shape
of the ﬂexural pulse changes due to dispersion, it is oftendifﬁcult to recognize the reﬂected pulses after some time is
elapsed. For this reason, some signal analysis method is needed
to detect the pulses in the signal recorded by the gauge. The
method, currently being used is called the short kernel method
(SKM). Thus, to perform the analysis of this method, a Fou-
rier analysis of the entire signal from which a Fourier spectrum
is produced. The Fourier spectrum is a plot of the amplitude
versus frequencies of the various Fourier components. The
spectrum supposedly gives an indication of the ‘predominant’
Fourier component; the frequency of that particular Fourier
component is termed the predominant frequency of the signal.
The kernel method then constructs a half sine pulse of the pre-
dominant frequency. An algorithm to move the kernel along
the entire length of the signal is used to ‘detect’ the pulses.
The SKM is a frequency-dependent scanning operation based
on the cross-correlation procedure. Mathematically, a single
value of the SKM at some particular frequency can be stated
as follows in Eq. (1).
SKMðj; kÞ ¼
XN2
N1
fðsiÞ  g½ðsiþ j  DtÞ; k  Dt ð1Þ
where SKM (j, k) is the jth term of the cross-correlation cur-
rently being performed at the kth frequently, f is the time re-
cord from the accelerometer, g is the fragment of kernel used
to perform the cross-correlation, N2 is the number of data
points in f, and N1 is the number of data point in g using a
one cycle of 500 (Hz) kernel. The SKM has played a role as
‘sieve’ in that it extracted the 500 Hz component from the sig-
nals and displayed its approximate location inside both time
records. The ﬁrst signiﬁcant positive peaks in SKM plot can
be used to compute a phase velocity as:
Cp ¼ GL=ðN1pts  DtÞ ð2Þ
where Cp is the phase velocity, G L is the gauge length separat-
ing the accelerometer, N1 pts is the number of data points be-
tween peaks points of the two accelerometers, and D t is the
time step at which the accelerometer records were originally
stored. The pile’s overall length then can be found by adding
to this computed value, the distance from the piles butt to
the accelerometer, as follow:
OL ¼ Tbþ 0:5ðCp N2pts:DtÞ ð3Þ
where OL is the pile’s overall length, T b is the distance from
the butt to the particular gauge being used for computation,
and N2 pts is the number of data points between ﬁrst peak
and the last return. The method, however, is not adequately
reliable. Sometimes, the signal is so polluted wise noise that
the pulses cannot be detected. Sometimes the Fourier spectrum
does not exhibit a predominant frequency. Furthermore, one
must realize that the shape of the pulse may be so distorted be-
yond recognition due to dispersion that the pulses simply can-
not be recaptured by this simple kernel method. A review of
several data analyzed indicates that in the majority of cases
SKM does not provide clear identiﬁcation of the reﬂected
pulse and therefore this method require additional information
and judgment to make a prediction for unknown pile length.
Hilbirt–Haung Transform method
The Hilbert-Huang Transform (HHT) is an empirically based
data-analysis method. Its basis is adaptive, so that it can
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nonlinear and non-stationary processes. The advantage of
being adaptive has a price: the difﬁculty of laying a ﬁrm theo-
retical foundation. The HHT consists of two parts: Empirical
Mode Decomposition (EMD) and Hilbert Spectral Analysis
(HSA). This method is potentially viable for nonlinear and
non-stationary, especially for Time-frequency-energy represen-
tations. It has been tested and validated exhaustively, but only
empirically. In all the cases studied, the HHT gave results
much sharper than those from any of the traditional c analysis
methods in time-frequency-energy representations. Addition-
ally, the HHT revealed true physical meanings in many of
the data examined. The development of the HHT was moti-
vated by the need to describe nonlinear distorted waves in de-
tail, along with the variations of these signals that naturally
occur in non-stationary processes. As is well known, the natu-
ral physical processes are mostly nonlinear and non-stationary,
yet the data analysis methods provide very limited options for
examining data from such processes. The available methods
are either for linear but non-stationary, or nonlinear but sta-
tionary and statically deterministic processes, as stated above.
To examine data from real-world nonlinear, non-stationary
and stochastic processes, new approaches are urgently needed,
for nonlinear processes needed special treatment. The past ap-
proach of imposing a linear structure on a nonlinear system is
just not adequate. Other then periodically, the detailed dynam-
ics in the processes from the data needs to be determined be-
cause one of the typical characteristics of nonlinear processes
is their intra-wave frequency modulation, which indicates the
instantaneous frequency changes within one oscillation cycle.
In the past, applications of the Hilbert transform have been
limited to narrow band data; otherwise, the results are only
approximately correct. Even under such restrictions, the
Hilbert transform has been used by Haung et al [3], to examine
the local properties of ocean waves with detail that no other
method has ever achieved. Later, it was also used by Haung
et al [3] to study nonlinear wave evolution.
For general application, however, it is now obvious that the
data will have to be decomposed ﬁrst, as proposed by Haung.
Independently, the Hilbert transform has also been applied to
study vibration problems for damage identiﬁcation. In all these
studies, the signals were limited to ‘‘monocomponent’’ signals,
i.e. without riding waves. The real value of the Hilbert trans-
form had to wait to be demonstrated until Haung et al
introduced the Empirical Mode Decomposition (EMD) meth-
od, which is based on the characteristic scale separation. The
EMD method was developed to ﬁrst operate on the data being
processed and to then prepare it for the Hilbert transform.
Therefore, we will discuss the time scale problem next, since
this concept is central to this new approach.
TheEmpirical Mode Decomposition Method, EMD, (the sifting
method)
As discussed by Huang et al. [3], the empirical mode decompo-
sition method is necessary to deal with data from non-
stationary and nonlinear processes. In contrast to almost all
of the previous methods, this new method is intuitive, direct,
and adaptive, with posteriori-deﬁned bases, from the decom-
position method, based on and derived from the data. The
decomposition is based on the simple assumption that any
data consists of different simple intrinsic modes of oscillations.
Each intrinsic mode, linear or nonlinear, represents a simpleoscillation, which will have the same number of extrema and
zero-crossing. Furthermore, the oscillation will also be sym-
metric with respect to the ‘‘local mean.’’ At any given time,
the data may have many different coexisting modes of oscilla-
tion, one superimposing on the others. The result is the ﬁnal
complicated data. Each of these oscillatory modes is repre-
sented by an Intrinsic Mode Function (IMF) with the follow-
ing deﬁnitions:
1. in the whole dataset, the number of extrema and the num-
ber of zero-crossing must either equal or differ at most by
one, and
2. At any point, the mean value of the envelope deﬁned by the
local maxima and the envelope deﬁned by the local minima
is zero.
An IMF represents a simple oscillatory mode as a counter-
part to the simple harmonic function, but it is much more gen-
eral: instead of constant amplitude and frequency, as in a
simple harmonic component, the IMF can have a variable
amplitude and frequency as function with time. With the
above deﬁnition for the IMF, one can then decompose any
function as follows: take the test data as given in the recording
signal data; identify all the local extrema, then connect all the
local maxima by cubic spline. Repeat the procedure for the lo-
cal minima to produce the lower envelope. The upper and low-
er envelopes should cover all the data between them. Their
mean is designed as m1, and the difference between the data
and m1 is the ﬁrst component h1, i. e.,
h1 ¼ xðtÞ m1 ð4Þ
The procedure is illustrated in Huang et al. Ideally h1
should satisfy the deﬁnition of an IMF, for the construction
of h1 described above should have made it symmetric and have
all maxima positive and all minima negative. However, even if
the ﬁtting is perfect, a gentle hump on a slope can be ampliﬁed
to become a local extremum in changing the local zero from a
rectangular to a curvilinear coordinate system. After the ﬁrst
round of sifting, the hump may become a local maximum.
New extrema generated in this way actually reveal the proper
modes lost in the initial examination. In fact, with repeated
sifting, the sifting process can recover singles representing
low-amplitude riding waves. The sifting process serves two
purposes: to eliminate riding waves, and to make the wave pro-
ﬁle more symmetric. While the ﬁrst purpose must be achieved
for the Hilbert transform to give a meaningful instantaneous
frequency, the second purpose must also be achieved in case
the neighboring wave amplitudes have too large a disparity.
Toward these ends, the sifting process has to be repeated as
many times as required to reduce the extracted signal to an
IMF. In the subsequent sifting processes, h1 can be treated
only as a proto-IMF. In the next step, it is treated as the data;
then,
h11 ¼ h1 m11 ð5Þ
After repeated sifting in this manner up to k times, h1k be-
comes an IMF; that is,
h1k ¼ h1ðk1Þ m1k ð6Þ
Then, it designated as,
c1 ¼ h1k; ð7Þ
Table 1 Shows the data of the tested piles.
Bent no. Pile no. Field tests Exposed pile length
above ground in
inch (EL)
Average pile
diameter (inch)
Depth of accelerometer
(A) from top of pile
(inch)
Depth of accelerometer
(B) from top of pile
(inch)
1 1 B1P1T1 B1P1T2 B1P1T3 73 11.5 24 60
1 6 B1P6T1 B1P6T2 B1P6T3 88 12.0 30 65
2 1 B2P1T1 B2P1T2 B2P1T3 66 13.3 18.5 54.5
2 6 B2P6T1 B2P6T2 49 12.1 12.75 43.75
Amp 
Fig. 2 Time records from a two accelerometer.
ACCELEROMETER        A     
BENT CAP 
THUMP 
GROUND LINE 
EL 
OL 
ACCELEROMETER       B        
Fig. 1 Typical ﬁeld test set up.
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Fig. 3 Time records taken from two accelerion. Historically, two different criteria have been used: The
ﬁrst one was used in Huang et al. (1998), [3]. This stoppage2 0.03 0.04
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B2P1T1A
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rometers A and B for pile test B2P1T1.
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rometers A and B for pile test B1P6T2.
02 0.03 0.04
Sec)
B1P1T1A
B1P1T1B
rometers A and B for pile test B1P1T1.
128 A.T.M. Faridcriterion is determined by using a Cauchy type of convergence
test. Specially, the test requires the normalized squared differ-
ence between two successive sifting operations deﬁned as:
SDk ¼
XT
t¼0
jhk1ðtÞ  hkðtÞj
XT
t¼0
h2k1ðtÞ
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Fig. 6 Time records taken from two acceleIf this squared difference SDk is smaller than a predetermined
value, the sifting process will be stopped. This deﬁnition seems to
be rigorous, but it is very difﬁcult to implement in practice.
Using HHT method for the prediction of the unknown
foundation
In this paper, prediction of the pile lengths of unknown foun-
dations was evaluated using the HHT method. Many bridges0.02 0.025 0.03 0.035 0.04
 Mode Functions
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Time (Sec)
elerometers (A) for pile test B1P1T1A.
.02 0.03 0.04
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rometers A and B for pile test B2P6T2.
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tury and no data are available for most of pile lengths. In this
study, one bridge was chosen as a case of study for evaluating
the overall pile depths under the bridge bents. Bridge No. 129
(located on road 1006) in Johnston County at NC State was
chosen because there are available data for pile lengths to
investigate the used method. This bridge consists of ﬁve bents.
Two edge bents and three in the middle. All bridge piles were
timber piles with concrete caps, and heavy cross bracing. Each
bent have six piles. Four piles were chosen for the application
of the HHT method for prediction of their lengths. Two
middle bents of the bridge were chosen, and tests were done0 0.005
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Fig. 7b The IMF components of the accon the two edge piles in each one of the two bents. The ﬁeld
tests were done as shown in Fig. 1 which shows the typical test
set up. There are two locations, where the time records from
two accelerometers for receiving signals data (A and B) as
mentioned before in the SKM method in part 3 of this study.
The distance between the two accelerometers and between
them and the above bent and also between the thump and
the bent was determined according to the available distance
between the bent and the exposed length of the pile (EL) above
ground level (or water level if available). The following piles
were chosen to predict their overall length (OL), B1P1,
B1P6, B2P1, and B6P1. Where, P refers to the pile number0.01 0.015
ec)
rometers A and B for pile test B1P1T1.
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elerometers (B) for pile test B1P1T1B.
130 A.T.M. Faridand B refers to the bent number. For each pile a number of
tests were done by changing the time steps for recording the
signal data or the position of the thump (above or below the
two accelerometers). Fig. 2 illustrates the general signals
achieved from the two accelerometers.
Examples of using HHT method for predicting pile depth. As
mentioned above in part 5.1, four piles were tested for two0 0.01
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Fig. 9 The ﬁrst IMF from the two accelebents of Bridge No. 129 at Johnston County, NC state.
Table 1 illustrated the data and the tests done for the four
piles.
Figs. 3–6 show the four testing pile signal ﬁgure data
achieved form the data collecting from the two accelerometers
of each test. Us the computer tools program, the Intrinsic
Mode Function (IMF) for each signal data is done. Figs. 7a
and b shows the intrinsic mode functions for two pile tests,0.02 0.03 0.04
e (Sec)
accelerometers A and B for pile test B1P6T2.
.02 0.03 0.04
me (Sec)
accelerometers A and B for pile test B1P1T1.
.005 0.006 0.007 0.008 0.009 0.01
 (Sec)
Npts
rometers A and B for pile test B1P6T2.
Table 2 Prediction of pile length using HHT compared to the actual length.
Bent no. Pile no. Field tests Cp ft/sec2 Npts (A) Npts (B) Predicted pil length (ft) Actual length (ft) Percentage of error%
1 1 B1P1T1 2140 1491 1302 18.46 19 3
B1P1T2 1875 960 911 21.10 19 11
B1P1T3 2727 1394 1167 20.95 19 10
1 6 B1P6T1 2651 1100 1030 18.08 15.83 14
B1P6T2 2580 1372 786 16.63 15.83 5
B1P6T3 1560 1716 1062 14.79 15.83 7
2 1 B2P1T1 1240 2159 1575 14.61 14.50 1
B2P1T2 3260 482 207 14.25 14.50 2
B2P1T3 2255 1246 1161 16.60 14.50 14
2 6 B2P6T1 3150 1427 1366 11.90 14.10 15
B2P6T2 1050 2502 1916 14.25 14.10 2
Prediction of unknown deep foundation lengths using the Hilbert Huang Transform (HHT) 131B1P1T1 (A and B) and B2P6T2 (A and B) as an examples of
using this method. And By using the ﬁrst intrinsic mode func-
tion, as shown in Figs. 8 and 9 for the same two piles B1P1T1
and B2P6T2, the signal speed wave Cp was computed using the
time difference between the two signal data of each test as
mentioned before. Then by using the Hilbert Huang Trans-
form Method (HHT), the overall pile length could be evalu-
ated by drawing the phase angle of each test. Figs. 10 and 11
illustrate the phase angle-time ﬁgures for the two pile tests
B1P1T1 (A and B) and B2P6T2 (A and B) as an examples of
using the HHT to evaluated the overall pile length.
The data evaluated for all the four piles B1P1, B1P6, B2P1,
and B2P6 and their predicted data of each pile length are illus-
trated in Fig. 2. In Table 2, the percentage of the error in pile
length compared to the actual pile length is computed to get
the accuracy in using the Hilbert Huang transform method
for the evaluation of the unknown pile length.
Conclusions
For Timer piles which depend upon embedment and shear
forces to carry load, the proposed wave propagation method
for determining the overall lengths, using the stress bending
waves and digital signal processing of dispersive signals by
the Hilbert Huang Transform (HHT), has been demonstrated
in this research to hold promise as a ﬁeld test. The percent dif-
ference between computed values and pile records are varied
from 15% to +14%. Thus with using this new technique,
the embedment pile length could be estimated with a reason-
able value, which is more convenient for the estimation of
the unknown pile data. Also, as a recommendation, by increas-
ing the ﬁeld test data for each pile a nearest value could be de-
tected for the pile embedded length due to having an average
of the result data which gives a reduction in the percentage
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